One system that can be used to study the evolution of gene function is the nematode vulva. In Caenorhabditis elegans, the vulva is formed from three of the six multipotent precursors P(3-8).p [1] . Comparison of vulval development between C. elegans and Pristionchus pacificus has revealed that, during evolution, there have been changes in the specification of cell fate for certain vulval cells [2] . For example, the cell P8.p is a vulval precursor cell (VPC) in C. elegans, but is incompetent to adopt vulval fate in P. pacificus. We have used a genetic approach to study the evolution of cell fate specification and have isolated P. pacificus mutants with a second vulva-like structure in the posterior region resulting from the ectopic differentiation of P8.p. Genetic and molecular analysis indicated that point mutations in the Hox-cluster gene mab-5 of P. pacificus cause this multivulval phenotype. Further cell ablation studies revealed that the differentiation of P8.p is independent of gonadal signaling. In C. elegans, mab-5 also acts in P8.p specification, but mab-5 mutant animals do not develop an ectopic vulva. Thus, the effect of a mab-5 mutation differs between species, indicating that alterations in the intrinsic properties of P8.p and corresponding changes in the functional specificity of mab-5 have occurred during evolution. 
Results and discussion
We have isolated P. pacificus mutants with defects in the specification of the two ventral epidermal cells P (7, 8) .p, which differ in cell competence when compared with their anterior neighbors P (5, 6) .p and when compared with the homologous cells P (7, 8) .p in C. elegans [2] [3] [4] [5] . P. pacificus P8.p loses its competence to adopt vulval cell fate early in the first larval stage (L1) and can only adopt an epidermal fate. If P7.p is ablated within a few hours of hatching, P8.p replaces P7.p and has a 2° fate (for cell fate definition, see Table 1 ). If one ablates P7.p later on, however, P8.p has an epidermal fate [5, 6] . P. pacificus P7.p is restricted in its developmental potency and can adopt only the 2° but not the 1° fate, distinguishing it from P. pacificus P (5, 6) .p. In contrast, P (7, 8) .p in C. elegans can adopt all alternative cell Table 1 Vulval differentiation in P. pacificus mutant strains and in gonad-ablated animals.
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The occurrence of different patterns of vulval cell fates, with separate invaginations forming from each group of underlined cells, is shown for the indicated P. pacificus (Ppa) mutant strains and P. pacificus and C. elegans (Cel) strains ablated for the gonadal precursor cells Z (1, 4) . The cell fate designations 1°, 2° and 3° represent distinct vulval (1°a nd 2°) and epidermal (3°) cell fates. Otherwise, cells either die from apoptosis (X), do not divide and are unable to adopt 1° or 2° fates (E), or adopt 2°-type or hybrid lineages and form ectopic vulva-like structures (D). In P. pacificus, the 1° cell generates six progeny and the 2° cells generate seven progeny each [2] . In wild-type animals, 3°c ells have an epidermal fate, but have been demonstrated under experimental conditions to be able to adopt 1° or 2° fates; 3° cells can replace 2° or 1° cells after cell ablation of VPCs, and 2° cells can replace 1° cells [3, 4] .
fates [3, 4] . To isolate mutations that give rise to defects in the specification of P (7, 8) .p in P. pacificus, we carried out mutagenesis screens of a total of approximately 100 000 gametes. Many mutants defective in egg laying were isolated, 16 of which had an ectopic vulva-like structure in the posterior body region. Cell lineage analysis of mutant animals indicated that two different cellular alterations result in the development of a posterior ectopic vulva. In five mutations, the posterior vulva-like structure was formed by the progeny of P7.p (data not shown). P8.p had an epidermal fate in these mutant animals.
In the other 11 mutations, the specification of P8.p was affected (Figure 1d ,f and Table 1 ). In most of the mutant animals analyzed, a posterior vulva-like structure was formed by P8.p, the cell that is incompetent to adopt a vulval fate in wild-type animals (Figure 1d,f) . The specification of P7.p was also affected, but in a different way. Cell lineage analysis of the mutant strains tu34, tu36, tu37, tu52 and tu74 revealed that P7.p adopted the 1° fate in approximately 5% of animals. In such animals, the main invagination was generated by the progeny of P(6,7).p and P6.p had the 2° fate. The anchor cell in these cases was displaced posteriorly so that it was now located above P7.p (Figure 1d ). In C. elegans, a posterior displacement of the anchor cell was described in mab-5 mutant animals [7] . Table 1 summarizes vulval differentiation in 5 of the 11 mutant strains. In all strains, most animals had a vulva formed by P(5-7).p and an ectopic vulva-like structure formed by P8.p.
To characterize these mutations genetically, we carried out complementation and linkage analysis. Complementation tests revealed that all 11 mutations were allelic to one another and to the previously isolated mutation Ppa-ped-4 [5] . Thus, in a large scale mutagenesis screen, only one gene was identified that, when mutated, caused a multivulval phenotype by the differentiation of P8.p into a vulvalike structure. Further genetic analysis indicated that Ppa-ped-4 is linked to the visible mutation Ppa-dpy-1, which has been shown to be closely linked to the homeotic gene Ppa-lin-39 [8] . This result suggests that Ppa-ped-4 might be associated with, or might be a member of, the Hox genes of P. pacificus. One candidate gene would be mab-5, the nematode homolog of Drosophila Antp: in C. elegans, MAB-5 functions in the specification of P (7, 8) .p [7, 9] .
To test if Ppa-ped-4 corresponds to P. pacificus mab-5 (Ppa-mab-5), we cloned the region of Ppa-mab-5 encoding the homeodomain using the polymerase chain reaction (PCR). This homeodomain fragment was used to screen a genomic and a cDNA library. None of the isolated cDNA clones were full length. We therefore performed reverse transcriptase (RT)-PCR experiments, making use of the fact that C. elegans mab-5 (Cel-mab-5) is trans-spliced to the spliced leader SL1. We performed RT-PCR using an [1, 3, 4] . The non-vulval cells P(1,2,9-11).p (F; white ovals) fuse with the epidermal syncytium, and P12.pa forms hyp12 and is involved in rectum formation. P (3) (4) (5) (6) (7) (8) .p form the vulval equivalence group and adopt one of three different fates: P6.p has the 1° fate (blue) and generates 8 progeny; P(5,7).p have the 2° fate (red) and generate 7 progeny, all of which participate in the formation of the vulva; and P (3, 4, 8) .p have the 3° fate (yellow) and remain epidermal. (c) Differentiation pattern in P. pacificus [2, 5, 6] . P(1-4,9-11).p die of apoptosis (X); P8.p loses its competence to form epidermal vulval tissue in the L1 stage (E; gray) and P7.p has a 2°-type fate but is limited in its developmental competence (pink). (d) Phenotypes of P. pacificus mab-5 mutant animals. In most animals, a posterior vulvalike structure formed from P8.p (cell fate D). P8.p formed only 2°-like lineages and is therefore shown in pink. In some animals, the anchor cell (green) was posteriorly displaced and P7.p had the 1° fate. (e) Summary of the gonad-ablation experiments in C. elegans and P. pacificus mab-5 mutant animals. See also Table 1 . (b-e) Separate invaginations formed from each group of underlined cells. (f) Nomarski photomicrograph of a P. pacificus mab-5 mutant animal during the L4 stage. The vulva generated by the progeny of P(5-7).p is indicated (V) as is the ectopic posterior vulva-like structure resulting from the abnormal differentiation of P8.p (arrow). The scale bar is 20 µm.
Gonad Current Biology SL1-specific primer for the 5′ region of the gene and the second primer from the 3′ region that had already been sequenced, and thereby isolated a full length clone. The gene contains four introns and is similar in organization to the C. elegans mab-5 gene (Figure 2 ). We analyzed the complete Ppa-mab-5 coding region and at least 30 base pairs on either side of exon splice sites in 5 of the 12 ped-4 mutant strains and found mutations in all of them (Figure 2b ). In the alleles tu31, tu37, tu74 and tu35, point mutations result in stop codons, whereas the point mutation in tu52 causes an amino acid replacement (Figure 2b ). [5, 6] . These results suggest that only P (7, 8) .p can differentiate into vulva-like structures in a gonad-independent way in Ppa-mab-5 mutant animals, indicating that P (7, 8) .p are distinct from P(5,6).p. The gonad-independent differentiation properties of P (7, 8) .p might occur in response to an unknown signal or because of an intrinsic property of these cells to undergo vulva-like differentiation. In wildtype animals, Ppa-mab-5 functions as part of a negative signaling system that antagonizes the differentiation properties of P (7, 8) .p. The process mediated by Ppa-mab-5 prevents the inappropriate differentiation of P8.p by making this cell incompetent to adopt vulval fate. This effect of Ppa-mab-5 is eventually restricted to P8.p, as the activity in P7.p is overruled by gonadal signaling that induces vulval formation by P(5-7).p.
What is the function of mab-5 in C. elegans vulval development? In C. elegans, P (7, 8) .p are also restricted in their developmental competence when compared with the anterior lineage homologs P(3-6).p, and Cel-mab-5 is involved in this cell fate restriction [7] . The different developmental competence of P (7, 8) .p in comparison to P(3-6).p has, however, been seen only by examining the response of individual VPCs to controlled doses of inductive signal [7] . In Cel-mab-5 mutant animals, there is no difference between P (7, 8) .p and P (3) (4) (5) (6) .p, and all cells respond in a similar way to an inductive signal. These results suggest that Cel-mab-5 plays a major role in making C. elegans VPCs different from one another by changing the developmental competence of P (7, 8) .p.
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Figure 2
Cloning and sequence analysis of Ppa-mab-5. Comparing the mab-5 loss-of-function phenotypes, the greatest difference between the Ppa-mab-5 and Cel-mab-5 mutant animals is that Cel-mab-5 mutants do not develop an ectopic vulva. Furthermore, there is no indication that P (7, 8) .p in C. elegans can differentiate in a gonad-independent way. When we ablated Z (1, 4) in the Cel-mab-5(e1239) strain, all six VPCs had an epidermal cell fate (Figure 1e , Table 1 ). Theses results suggest that MAB-5 has different effects in the two species. Cel-mab-5 reduces the competence of P (7, 8) .p to respond to gonadal signaling, whereas Ppa-mab-5 prevents the gonad-independent differentiation of P8.p. The comparison of the mab-5 loss-of-function phenotypes in the two species reveals another important difference. Cel-mab-5 mutant animals have VPCs that are identical in their developmental potential. P (7, 8) .p behave in the same way as P (3) (4) (5) (6) .p in developmental competence assays [7] . In contrast, in Ppa-mab-5 mutant animals, P (7, 8) .p still differ from P(5,6).p, resulting in gonad-independent differentiation. This observation indicates that factors other than mab-5 distinguish P (7, 8) .p from P(5,6).p or vice versa in P. pacificus. One major function of P. pacificus MAB-5 is to antagonize the gonad-independent differentiation properties of P (7, 8) .p. Mechanistically, MAB-5 might act in different genetic circuits with different target genes in both species. For example, Ppa-mab-5 might be part of a locally restricted negative signaling system that is only present in P. pacificus P (7, 8) .p. We cannot rule out, however, that only quantitative differences in the activity of MAB-5 in regulating identical downstream target genes lead to the observed competence patterns in the two species.
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The effect of a mab-5 mutation differs between species, indicating that additional, most probably intrinsic, factors have been added to the genetic network acting upon P8.p. Thus, key elements of evolutionary change that might give rise to developmental novelty are alterations in the intrinsic properties of cells and corresponding changes in the functional specificity of genes.
Material and methods
Nomenclature and strains P. pacificus var. California was the wild-type parent of all the P. pacificus strains used in this work. EMS mutagenesis, Nomarski observation and laser microsurgery were done according to standard protocols [5, 8] 
Molecular biology
Ppa-mab-5 was cloned by PCR using degenerate primers from the region encoding the homeodomain. The primers were 5′-AAGMG-TACTMGTCARACNTA-3′ and 5′-CATGCKACKRTTYTGRAACCA-3′. The longest isolated cDNA started with a serine (amino acid position 9 in Figure 2b ). Comparison with genomic DNA indicated a potential start methionine codon and a potential trans-splice site for the addition of an SL1 leader just upstream of this serine. To isolate a full length cDNA, we performed RT-PCR: 150 ng polyA + RNA were reverse transcribed using M-MuLV reverse transcriptase and the primer 5′-GACGGGATTATTCCTAGAGG-3′ (nucleotide positions 840-821 in Figure 2b) , and 1 µl of this reaction was used for standard PCR using the SL1-specific primer 5′-GGTTTAATTACCCAAGTTTGAG-3′ and the primer that had been used for reverse transcription. A nested PCR was performed using the SL1-specific primer and the primer 5′-TGAGACCAGATGAAGATGTA-3′ (nucleotide position 469-450 in Figure 2b ), which is located closer to the 5′ end of the gene. The obtained PCR product was cloned and sequenced using standard protocols. For sequencing mab-5 from the mutants, DNA was isolated from two independent batches of mutant animals, amplified by three independent PCR reactions, and sequenced in both directions.
